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Climate changeHarp seals require pack ice as a platform for resting, to give birth and nurse their young. They are also subject to
commercial and subsistence harvesting. In the late 1990's there were concerns that the Northwest Atlantic pop-
ulation would decline to very low levels unless a management system using Potential Biological Removals (PBR)
was adopted. Canada followed a different approach and high harvests based on an alternative management
framework continued throughout the next decade. We examined the status of the Northwest Atlantic harp
seal population using a three parameter population model that incorporates information on reproductive rates,
removals, and ice-related mortality acting on young of the year. By 1971, the population had declined to a min-
imum of 1.1 million animals and a quota was introduced, which allowed the population to increase. In 1996, the
quota was raised and harvests increased substantially. Population growth continued, even as herd productivity
declined. The population reached amaximumof 7.8million animals in 2008 andhas leveled off at around7.4mil-
lion animals. Climate change is expected to result in a decline in the amount of seasonal pack ice in Atlantic
Canada, which adds uncertainty to the future of this population. Although the results presented in this paper fo-
cused on how the status of this population has evolved over the last 60 years, our integratedmodeling approach
can also be used to examine scenarios that project into the future, to test the impacts of variousmanagement de-
cisions in a changing environment.
Crown Copyright © 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The harp seal (Pagophilus groenlandicus) is a medium sized, migratory
phocid distributed over continental shelf regions of the north Atlantic.
Three populations are recognized (Sergeant, 1991); theWhite Sea/Barent
Sea, the Greenland Sea and the Northwest Atlantic (NWA). All three pop-
ulations have a long history of commercial and subsistence exploitation
throughout their range. TheNWAharp seal summers in the eastern Cana-
dian Arctic and west Greenland, but migrates south along the Canadian
coast in fall to overwinter and reproduce on the pack-ice off northeastern
Newfoundland (Front) and in the Gulf of St. Lawrence (Gulf) every spring
(Sergeant, 1991). The pups are weaned after a short lactation period of
12–14 days, but remain on the ice for another few weeks before dispers-
ing (Sergeant, 1991). This population has been harvested commercially
since the 1700s (Sergeant, 1991) and it is among the largest wildlifeWA, Northwest Atlantic; YOY,
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r Ltd. This is an open access article uharvests in the world. The United States Whitetail deer (Odocoileus
virginianus) and European roe deer (Capreolus capreolus) sport harvests
are probably the largest, each removing over 2.5 million deer annually,
followed by the Australian kangaroo (Macropus sp.) hunt (1.5million an-
imals in 2010; Anon, 2012; Burbaite and Csányi, 2009; QDMA, 2014), but
the Canadian commercial seal hunt is the largest harvest of marinemam-
mals removing on average 211 000 seals annually between 1996 and
2013, increasing to an average of 305,000 seals annually if the Canadian
and Greenland subsistence hunts and incidental catches are also consid-
ered (Fig. 1; Stenson, 2014). The Canadian commercial harvest is highly
controversial both with respect to the methods used to kill seals and the
setting of sustainable catch levels (e.g. Johnston et al., 2000; Leaper
et al., 2010; Marland, 2014). Concerns over the future of the population
was one of several factors contributing to the adoption of the Marine
Mammal Protection Act in 1977, and the 1982 ban on the import of the
white lanugo pelts into the European Community (extended to include
juvenile (beater) pelts in 2009; European Community, Regulation (EC)
1007/2009).
The abundance of NWA harp seals was thought to have declined con-
siderably during the 1950s and 1960s (Sergeant, 1991). In response, har-
vest quotas were introduced in 1971, with the objective of allowing the
herd to increase (Anon Canada, 1986). The management objective innder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Reported catches from the Canadian commercial harvest of young of the year (blue bars) and animals aged 1+ years (red bars), the Canadian and Greenland subsistence harvests
(green bars), and bycatch from commercial ﬁsheries (gray bars; from Stenson, 2014). The black line represents Canadian quotas established since 1971 for the Canadian commercial har-
vest. In the model, subsistence and incidental catches were taken into account when setting the quota for the Canadian commercial harvest.
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tablish harvest levels that would result in the population remaining con-
stant from one year to the next (e.g. Shelton et al., 1996). Critics at the
time argued that the Canadian management approach was likely to fail.
For example, Johnston et al. (2000) felt that harvest levels (e.g. 1999 Ca-
nadian quota = 275,000) were too high because: population estimates
were biased due to changes in survey methodologies; not all sources of
human-induced mortality (e.g. incidental catch, struck and loss) were
accounted for when establishing harvest levels; and there was a failure
to take into consideration the impact of uncertainty surrounding model
parameters. As a result it was suggested that Canada estimate allowable
kills using the Potential Biological Removal approach (PBR; Wade,
1998). PBR is calculated as PBR= 0.5·Rmax · fr · Nmin; where Rmax is the
maximum rate of population increase (assumed to be 0.12 for pinnipeds),
fr is a recovery factor (between 0.1 and 1), and Nmin is the estimated pop-
ulation size using the 20-percentile of the lognormal distribution (Wade,
1998). PBR requires only a single estimate of the population size to pro-
vide an estimate of acceptable level of takes and rigorous simulation test-
ing has shown that PBR is robust when model assumptions are relaxed
and plausible uncertainties are included (Wade, 1998). However, follow-
ing recommendations from McLaren et al. (2001) that the Replacement
Yield management objective, be replaced by a more risk adverse ap-
proach, Canada adopted a different precautionary approach framework
formanagingAtlantic seals. TheCanadian framework established two cat-
egories, ‘Data Rich’ and ‘Data Poor’ (Hammill and Stenson, 2007). For pop-
ulations where there are limited data, but it is possible to estimate
abundance (Data Poor), Canada has used PBR. However, for populations
considered ‘Data Rich’ (i.e. recent abundance and reproductive or survival
rate data) such as harp seals, Limit and Precautionary Reference levels for
the population were established, with a management objective to main-
tain an 80% likelihood that the population remains above the precaution-
ary reference level which is set at 70% of the largest observed population
size (Hammill and Stenson, 2007). These changes resulted in high quotas,
averaging 325 000 from 2003 to 2005. Since then, it has ﬂuctuated be-
tween a low of 270 000 in 2007 and the current quota of 400 000 animals
(ICES, 2013).
Johnston et al. (2000) had concluded that the population in the late
1990s was declining, and if harvest levels continued, the population
would only stabilize at levels below (and possibly far below) its maxi-
mum net productivity level (Johnston et al., 2000), which is roughlyequivalent to maximum sustainable yield levels. They estimated that,
based upon PBR calculations, catches should be in the range of
93,500–187,000 seals. However, Canadian commercial harvests
remained high until the 2008, averaging 265 000 between 1996 and
2008. During this same period, reported catches of NWA harp seals in
Greenland increased signiﬁcantly, averaging 81 000 annually (ICES,
2013). Incorporating estimates of bycatch and the number of seals killed
but not reported (i.e. struck and lost) increased the average estimates of
total removals from this population to 450,000 per year. Since 2008 har-
vest have declined signiﬁcantly due to reduced markets, averaging
70,000 for the Canadian commercial hunt and 161,000 for the commer-
cial, subsistence and incidental catches in Canada and Greenland.
Against this backdrop of large harvest levels, expert reviews provided
by the Intergovernmental Panel on Climate Change make it clear that cli-
mate change will induce temperature changes and associated adjust-
ments in ocean circulation, ice coverage and sea level (McCarthy et al.,
2001). Harp seals require pack ice as a platform for resting, to give birth
and nurse their young. Afterweaning the young of the year (YOY) remain
with the ice, using it as a resting platform, for severalweeks. A lack of suit-
able or insufﬁcient ice appears to result in increased pup mortality
(Sergeant, 1991; Stenson and Hammill, 2014). Therefore, any attempt to
describe the population dynamics of NWA harp seals needs to consider
the impact of a changing climate.
The harp seal is arguably the most abundant pinniped in the North
Atlantic and their status is one of continuing interest (Leaper et al.,
2010; Marland, 2014; Soulen et al., 2013). In addition to harvesting,
they play an important role in structuring the North Atlantic ecosystem
(Bundy, 2001;Morissette et al., 2006). Therefore, it is important that we
have a good understanding of their abundance and population dynam-
ics. Various approaches have been used to estimate the size of the harp
seal population in the Northwest Atlantic. Earlier estimates, based pri-
marily on interpreting age composition data from the hunt, used either
the survival index approach (e.g. Cooke, 1985; Sergeant, 1971), sequen-
tial population analysis (e.g. Lett and Benjaminsen, 1977) or ﬁtting pop-
ulation models to independent estimates of pup production obtained
from mark-recapture studies (e.g. Roff and Bowen, 1986) (termed the
populationmodel approach). In this paper,we describe the current pop-
ulation model used to examine the trajectory of the Northwest Atlantic
harp seal over the last 60 years and discuss the current status within the
context of some of the concerns identiﬁed above.
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The dynamics of the Northwest Atlantic harp seal population are de-
scribed by ﬁtting a model to independent estimates of the total pup pro-
duction, and reproductive rates observed for seals 8 years old and older
(referred to as 8+). It is considered that the dynamics of the population
can be described by assuming density dependent mortality acting on
both juvenile survival and pregnancy rates of the 8+ individuals. It is
also assumed that the sex ratio is 1:1. The model integrates data on re-
movals and ice-related mortality, and is ﬁt by adjusting initial population
size (α), adult (i.e. one year old and older, referred to as 1+) mortality
rates (M1+) and the carrying capacity (K).We begin by presenting inputs
to the population model, followed by an explanation of the model struc-
ture and ﬁtting.
2.1. Data input
2.1.1. Pup production estimates
The model is ﬁt to 12 independent estimates of pup production
(Table 1) that were based on mark-recapture studies (Roff and Bowen,
1986), and aerial survey estimates (Sergeant and Fisher, 1960; Stenson
et al., 1993, 2002, 2003, 2014a). The 1952 and 1960 surveys did not
cover the entire area and so included estimates of pupping based upon vi-
sual estimates for concentrations seen, but not surveyed (Table 1). Also,
they did not correct for births occurring after the surveys. These two sur-
veys are thought to provide useful information, but there is greater uncer-
tainty surrounding their estimates. To reﬂect this, these surveys were
assigned a coefﬁcient of variation of 50%. The 1990–2012 surveys have
used the same basic sampling design as described by Stenson et al.
(1993, 2002, 2003). Brieﬂy, the survey design involves extensive recon-
naissance surveys in the Gulf and at the Front, to detect all concentrations
of whelping harp seals. Systematic strip transect photographic and visual
surveys are ﬂown to estimate the number of pups on the ice. These num-
bers are then corrected for differences among readers and pups that may
have been born after the surveys have been ﬂown (Stenson et al., 2003).
Beginning in 1994, the photographic survey incorporated motion-
compensation to improve image quality, and in 2008 and 2012, tradition-
al ﬁlm was replaced by digital imagery. These improvements in equip-
ment have facilitated the detection of animals on the imagery, and in
turn reduced the inter-reader correction applied to the estimates
(Stenson et al., 2014b).
2.1.2. Reproductive rates
Estimates of late term pregnancy rates (P x,t) for animals at age x and
in year t are available from sampling programs maintained by the De-
partment of Fisheries and Oceans since 1954 (Sjare and Stenson,
2010; Stenson et al., 2014b). Samples represent late-term pregnancy
rates since they are collected only a few months (October to February)
prior to pupping in March. It is assumed that there would have beenTable 1
Pup production estimates (SE) from aerial surveys (1951, 1960, 1990–2012), and mark-recapt
Year Southern Gulf Northern Gulf Front
1951
1960
1978
1979
1980
1983
1990 106,000 (23,000) 4400 (1300) 467,000 (31,000)
1994 198,600 (24,200) 57,600 (13,700) 446,700 (57,200)
1999 176,200 (25,400) 82,600 (22,500) 739,100 (96,300)
2004 261,000 (25,700) 89,600 (22,500) 640,800 (46,900)
2008 287,000 (27,600) 172,600 (22,300) 1,185,000 (112,000)
2012 121,500 (15,300) 74,100 (12,400) 601,400 (66 900)
a Assumed a coefﬁcient of variation of 50% estimates for the different herds are available from
each herd.no mortality after the samples were taken and animals are entered
into the model at the age they would have had at the time of pupping.
Seals 3 years old and younger are considered immature while seals
8 years and older are considered to be fully recruited into the popula-
tion. Only the reproductive rates of animals aged 8+ years was used
in the model ﬁtting because the larger sample size available for this
group provided more reliable estimates.
There are gaps in the time series of the data, and in some years sample
sizes are small (Stenson et al., 2014b). For this reason, the data are
smoothed by applying a local logistic regression (Loader, 1999) to the bi-
nary data (pregnant or non-pregnant; Tibshirani and Hastie, 1987). This
smoother yields errors around the predictions and allows weighting by
sample size to take into account the local density of data. Thus, there is
noneed to exclude data points forwhich sample size is below an arbitrary
threshold. Smoothing was performed using the R package LocFit (Loader,
2010). Since substantial curvature in the trajectory of pregnancy rates is
expected, a 2nd degree polynomial was used to further reduce bias
(Sun and Loader, 1994). A range of smoothing scales was explored and
we selected the degree of smoothing with the best ﬁt, i.e., lowest AIC
(Loader, 1999). To compute conﬁdence intervals, variance in the
smoothed data was estimated using log-likelihood in the framework of
normal approximations (Loader, 1999). Using the binomial family kept
pregnancy rates in the [0, 1] interval and resulted in non-symmetric er-
rors around the mean.
The smoothed reproductive rates were extrapolated backwards from
1954 to 1952. Stenson et al. (2014b) explored the impact of sample size
on estimates of fecundity. They found that the precision of the estimates
stabilized at sample sizes of around 40 animals. Therefore, if the number
of samples in a particular year and age class was equal to or exceeded the
threshold, then the observed reproductive rate and the associated uncer-
tainty were used in the model. However, if the sample size for the repro-
ductive tracts in a given year was below the threshold, then the model
replaced the actual observed valuewith a value derived from the smooth-
ing model for that year and age class. When the smoothed rates were
used, uncertainty was incorporated by resampling pregnancy rates from
a normal distribution in logit space, with a mean equal to the smoothed
value and the standard error equal to the square root of the estimated
variance.
2.1.3. Catches
Catch data (c x − 1, t− 1) for age x, in year t are available since 1952
(Fig. 1; Stenson, 2014). Brieﬂy, there are ﬁve different types of catch in-
puts: the Canadian commercial harvest, the Canadian Arctic subsistence
hunt, animals caught incidentally in Canadian and American commer-
cial ﬁsheries, and the Greenland subsistence hunt. Reported catch levels
from the Canadian and Greenland hunts were divided into Young of the
Year (YOY), which are seals less than 1 year of age and numbers of an-
imals aged one year and older (1+). Catches of 1+ seals are distributed
proportionally among themodel estimates of the 1+ age classes. Basedure studies (1978–1983) used as input into the population model.
Total Method Reference
645,000 (322,500)a Aerial survey Sergeant and Fisher (1960)
235,000 (117,500)a Aerial survey Sergeant and Fisher (1960)
497,000 (34,000) Mark-Recapture Roff and Bowen (1986)
478,000 (35,000) Mark-Recapture Roff and Bowen (1986)
475,000 (47,000) Mark-Recapture Roff and Bowen (1986)
534,000 (33,000) Mark-Recapture Roff and Bowen (1986)
577,900 (38,800) Aerial survey Stenson et al. (1993)
702,900 (63,600) Aerial survey Stenson et al. (2002)
997,900 (102,100) Aerial survey Stenson et al. (2003)
991,400 (58,200) Aerial survey Stenson et al. (2014b)
1,644,500 (117,900) Aerial survey Stenson et al. (2014b)
797,000 (69,700) Aerial survey Stenson et al. (2014b)
the recent aerial surveys as well as the proportion of total pup production represented by
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imately 3.4% of the animals in the Canadian subsistence hunt, while in
the Greenland subsistence hunt the proportion of YOY averaged 59%
from 1952 to 1977, declining to less than 20% since then (Stenson,
2014). There is normally a two year delay in the collection of the Green-
land harvest data. For the present exercise, data on Greenland catches
were available up to and including 2011. For 2012 and 2013, the average
catch for the last 10 years was used.
In the commercial and subsistence hunts, animals are killed but may
sink before they can be recovered, or skins that are stockpiled on the ice
may be lost or damaged and not reported. Corrections for these animals,
referred to as struck and loss, are incorporated into the model (Sjare
and Stenson, 2002). Since 1983, it is assumed that 95% of the YOY and
50% of the 1+ animals in the Canadian commercial hunt (Front and
Gulf) are reportedwhile 50% of all animals killed inGreenland and the Ca-
nadian Arctic are assumed not to have been recovered and/or reported
(Sjare and Stenson, 2002). It was also assumed that 99% of the YOY in
the Canadian commercial catch were reported prior to 1983.
2.1.4. Ice-related mortality of YOY
In some years, extremely poor ice conditions, result in increasedmor-
tality of YOY during their ﬁrst month of life (Mice), particularly in the Gulf,
This mortality is periodic and is poorly captured by the overall model es-
timate of mortality (Stenson and Hammill, 2014). The level of mortality
cannot be estimated directly, but observations of mortality (MOH and
GBS, personal observations) indicate that the level ofMice is closely corre-
lated with themagnitude of the negative ice anomaly for each of the Gulf
and Front regions. The annual ice anomaly (A) was calculated using the
formula: At = (ice cover t− ice cover mean 1969–2013)/ice cover mean 1969–
2013, where ice cover is in km2 and t represents the year of interest. Ice
data were obtained from the Canadian Ice Service of Environment
Canada (available: http://ice-glaces.ec.gc.ca, accessed January 2015).
Based upon the negative anomalies, we identify years when higher than
normal mortality may occur. Seals do not use all of the ice in the areas
and so positive or minor negative anomalies are unlikely to have an im-
pact. Therefore, it was necessary to determine the degree of anomaly
that actually results in mortality. In some years we have reports of large
numbers of dead pups washed up on the beach, or ﬂoating in the water,
suggesting that there was greater than normal mortality among the
YOY. We used these years to identify a cutoff for the annual ice anomaly
at−0.3 for theGulf and−0.5 at the Front.We assume that if the negative
ice anomaly is lower than the cutoff level, the increase inMice of the YOY is
directly related to the relative decline in ice cover, as expressed by the an-
nual ice anomaly (A). Thus a 60% decline in ice cover is assumed to result
in 60% mortality (or 40% survival). In years when the negative anomalies
do not exceed the threshold orwith positive anomalies survival due to ice
conditions was equal to 1 i.e.Mice = 0.Mice was calculated for the Front
and the Gulf separately and then the two indices are combined, weighted
by the relative distribution of pupping assuming that 30% of pups were
born in the Gulf and 70% at the Front. These are converted to a survival
index (Sice = 1−Mice;) that is included in the model as Sice (Eq. (2)).
2.2. Model structure
The initial population (Popinit) is entered as a vector of numbers of
animals at age x (nx):
Popinit ¼
X26
x¼1
α  nxð Þ ð1Þ
where α is a multiplier that is adjusted during themodel ﬁtting process.
The number of animals (n x,t) at age x in time t is related to survival in
poor ice years (Sice, t-1), catches (c,0,t − 1), and a base pup mortality rate
(M0) deﬁned as 3 times adult mortality (M1+) i.e. M0 = 3×M1+, to
allow for highermortality ofﬁrst year seals (for consistencywith previousstudies; Roff and Bowen, 1983). Pup mortality was also assumed to be
subject to density-dependent factors related to total population size N
and the estimated carrying capacity (K) and theta (θ: set at 2.4;
Trzcinski, et al., 2006):
n1;t ¼ n0;t−1  Sice;t−1
 
−c0;t−1
  e−Mo  1− Nt=Kð Þθ : ð2Þ
The number of animals age x, with 1 b x b Xwas related tomortality
and catches:
na;t ¼ na−1;t−1  e−M1þ=2−ca−1;t−1
 
 e−M1þ=2 ð3Þ
while numbers for the terminal age class nX is.
nA;t ¼ nA−1;t−1 þ nA;t−1
  e−M1þ=2− cA−1;t−1 þ cA;t−1 h i
 e−M1þ=2: ð4Þ
The number of pups born in year t is described by the number of fe-
males (nx ,t×0.5 considering a sex ratio of 1:1) at age (x) and age speciﬁc
reproductive rates (Px,t) in year t:
n0;t ¼
XX
x¼1
nx;t  Px;t  0:5 ð5Þ
It was felt that in years where good environmental conditions were
encountered that these conditions would likely be experienced across
all the age classes and visa versa in poor years. We incorporated this fea-
ture of synchrony into themodel using the function Corbin, amultivariate
distribution composed of binomial distributions where the degree of cor-
relation is controlled via an 8-dimension Gaussian copula (Sklar, 1959;
Joe, 1997; Trivedi and Zimmer, 2005). In this function, nx .reprod ,t
corresponded to the sample size used to obtain the observed pregnancy
rate for females at age x in year t, and px.preg ,twas the proportion pregnant
in the observed group in year t.
For age x, with 1 b x b 8.
Px;t  CorBin nx:reprod;t ; Px:preg;t
 
: ð6Þ
For age x, with x ≥ 8 (i.e. 8+).
Px;t ¼ P8;t  CorBin n8þ:reprod;t ; p8þ:preg;t
 
: ð7Þ
During the model ﬁtting, the model samples from the distribution of
pregnancy rates for the 8+ age class. If the reproductive rate is high,
then the correlation ensures that higher values (depending on the
strength of the correlation) for the other age classes will also be chosen.
This synchrony increased uncertainty, since the model tends to show a
mix of good and bad years for pregnancy. If reproduction was not corre-
lated among age classes, then this reduced the variability in pup produc-
tion since the high proportion of females pregnant in some age classes
would be offset to some extent by lower pregnancy rates among other
age classes. The model also assumes that pregnancy rates undergo
density-dependent changes as the population nears carrying capacity.
The predicted reproductive rates (Psim) for animals aged 8+ years in
year t is:
Psim8þ;t ¼ 0:88 1−Nt=Kð Þθ ð8Þ
where 0.88 is the maximum reproductive rate observed for animals
aged 8+, and N, K and θ are deﬁned as above (Eq. (2)).
185M.O. Hammill et al. / Biological Conservation 192 (2015) 181–1912.3. Monte Carlo resampling and parameter estimation
The model creates a population matrix with 26 age classes from 1952
until the current year. The initial age distribution vector (26 × 1) has
values of 800,000, 656,000, 616,640, 579,642, 544,863, 512,171,
481,441, 452,555, 425,401, 399,877, 375,885, 353,332, 332,132, 312,204,
293,472, 275,863, 259,311, 243,753, 229,128, 215,380, 202,457, 190,310,
178,891, 168,158, 158,068, and 148,584. It was created as an initial popu-
lation age structure, with ﬁrst year mortality assumed to be three times
(Roff andBowen, 1986) the adultmortality rate of 0.06. The size of the ini-
tial population is adjusted by a multiplying factor (α) (Eq. (1)). We in-
cluded the uncertainty in the pregnancy rates and the pup production
estimates in the ﬁtting model by resampling the parameters using
Monte Carlo techniques. At each iteration of the model, pregnancy rates
are resampled for each year assuming a binomial distribution (correlated
among age classes). Parameters of the binomial distributions were esti-
mated directly from reproductive rate data when the number of repro-
ductive samples ≥ 40 (see Section 2.1.2) or based on the smoothed
estimate of pregnancy rates if the number of samples is b40. Pup produc-
tion estimates from the surveys are resampled assuming a normal distri-
bution (with variance based on estimates of the survey errors). For each
iteration, themodelminimizes the sumof squares (MSS) of two objective
functions:
MSS ¼
X
Pupmodel−Pupsurvey
 2
variancepup survey
2
64
3
75þ
X
Psim8þ;t−P8þ;t
 2
varianceP8þ
" #
ð9Þ
by estimating three parameters; the initial population factor (α), the in-
stantaneousmortality rate (M), and the carrying capacity (K). The three
parameters (α, M and K) are optimized by iterative methods (N =
10,000 iterations). For each Monte Carlo iteration, new M, K and α are
estimated and stored. The model runs in the programming language R
(R Core Team, 2014). Results are speciﬁed as mean (±SE) unless stated
otherwise, 95% conﬁdence limits are presented as 0.0275 and 0.975
quantiles, except for the 1951 and 1960 surveys which are estimated
as ±1.96*SE.
3. Results
Sampling for reproductive rate data was ﬁrst undertaken in 1954, but
there are gaps in the data from 1955 to 1963, 1971 to 1977, 1983 and
1984. Moreover, there are additional years where data are not available
for speciﬁc age classes or sample sizes are very small (Fig. 2). The smooth-
er ﬁtted to the reproductive data provided a means of interpolating for
missing years and captured the variability in the data fairly well over
the years from 1952 to 2013 (Fig. 2). The greatest number of samples
was available for the 8+ year class. For this group, which accounts for
over 75% of the total pup production, the overall trend was for reproduc-
tive rates to be high from the 1950s to the 1980s and then declined
throughout the 1990s and 2000s (Fig. 2). Reproductive rates from the
mid-1980s until 2000 also showed considerable inter-annual variation,
although some of this variationmay be due to small sample sizes. The de-
clining trend continued during the 2000s, with unusually low reproduc-
tive rates observed in 2004 (0.41, n = 76), 2010 (0.30, n = 117) and
2011 (0.22, n = 94), and unusually high reproductive rates observed in
2007 (0.76, n = 84), 2008 (0.74, n = 61), 2012 (0.75, n = 28) and
2013 (0.83, n = 6) although sample sizes in the last two years are very
small.
Ice cover has varied considerably over the last 4 decades, particularly
in the Gulf (Fig. 3). Ice coverage was well below average at the beginning
of the series in 1969. During the 1970s, ice cover was mixed with the ice
anomalies in some years being up to 40–60% greater than normal in the
ﬁrst half of the decade, followed by negative anomalies that persisted to
the early 1980s. The ice was generally much heavier from approximately1984 to 1996, with themajority of years having ice cover that was ≥40 to
80% above normal. By the late 1990s, however, there was amajor change
in ice conditions with virtually all of the years having ice that was below
normal (Fig. 3). In the Atlantic zone, between 1969 and 2013, there has
been a decreasing trend in ice cover, with total ice cover declining at a
rate of about 4400 km2 per year (±1827, F43 = 5.8, p b 0.02). There is a
slight decline in total ice cover at the Front, but the trend is not signiﬁcant.
In the Gulf, total ice cover has been declining at an annual rate of 1940
km2 (±776, F43 = 6.2, p b 0.02). The proportion of pups surviving the
March–April period (Sice) when the YOY require a platform for nursing
or after weaning for resting was estimated to be: 0.75 in 1969,1981,
2002, and 2005; 0.94 in 1998; 0.88 in 2000; 0.90 in 2006; 0.78 in 2007;
0.5 in 2010 and 0.25 in 2011. For all other years Sice was assumed to be 1.
Fitting the model to the pup production estimates and reproductive
rate data results in a pup production estimate of 482 800 ± 34,200 in
1952 (Fig. 4). Pup production slowly declined reaching a minimum of
280,100 ± 21,700 in 1975, four years after the population minimum
was reached (see below, Figs. 4, 5), then increased to a maximum of
1,581,600 ± 138,200 in 2008. Since then, it has declined to 933,700 ±
153,200 in 2012 (Table 2). The total population was estimated to be
2,114,900 ± 65,500 in 1952 (Fig. 5). Although productivity was high,
removals were also high, with on average of 397,000 ± 17,200 animals
removed annually (Fig. 1, 2). Total removals were likely underestimated
since incidental catches were not taken into account until 1970. The pop-
ulation declined throughout the 1950s, at an average rate of 3% · y−1 to
reach a minimum in 1971, of just over 1.1 million animals (Fig. 5,
Table 2). After 1971, total removals declined (average 1970–1982 =
231,100, SD = 11,500) and the population increased at an average rate
of 3% · y−1 until 1982 (Figs. 1, 5). Harvesting declined during the 1980s
to an average of 177 000, SD = 16 500 ·y−1 and the population
responded by increasing rapidly at a rate of 9.1 ± 0.6%·y−1 (range 5.7–
11.7% ·y−1), even though productivity declined as the population in-
creased (Figs. 2, 5). Starting in 1996, there was renewed harvest interest;
total removals were high (average 1996–2008 = 472,000, SD = 15,400)
resulting in population growth slowing to 3.1±0.7% · y−1, with the pop-
ulation reaching amaximum of 7.8million animals (95% CI= 6,265,200–
9,034,600) in 2008. Since 2008, there has been little change suggesting
that the population has stabilized at around 7.4 million animals (95%
CI = 6,475,800–8,273,600; Figs. 4, 5, Table 2). Overall, the instantaneous
adult mortality rate (M1+) rate was estimated to be (M1+ = 0.025 ±
0.008) and the estimated carrying capacity (K) is 10,800,000 ± 600,000
(Table 3). For the population in 1971, at itsminimum, this results in an es-
timatedpupmortality rate (M0) of 0.08,which increases to 0.69 for the es-
timated population of 7.8 million in 2008, indicating that the model is
capturing the expected increase inM0 mortality as density increases.
The model is not sensitive to initial values used to launch the model
(Tables 2, 3). Reducing the numbers of animals in the initial multiplier
vector by 50% or altering its age structure by assuming that 40% of the an-
imals survive theirﬁrst year, and60% survive each subsequent year affects
the starting population size, but by 1971 the effects had largely disap-
peared with no signiﬁcant impact on ﬁnal population size, trend or esti-
mates ofM1+ and K (Tables 2, 3). Because mortality is estimated within
the model, no differences in population trends were observed if struck
and loss is not incorporated explicitly, although M1+ increases from
0.025 to 0.042 (Tables 2, 3). If struck and loss, incidental catches and ice
related mortality are not speciﬁcally identiﬁed, then the estimate of
M1+ increases to 0.048 (Tables 2, 3). Similarly, changing the multiplier
on YOY mortality from 3 to 1 or 5 affectedM1+, but had little impact on
estimated pup production, population size or K.
4. Discussion
4.1. An integrative population model
The current model used to describe the dynamics of the Northwest
Atlantic harp seal population was originally a two parameter, density-
Fig. 2.Age-speciﬁc reproductive rates, and non-parametric smoothed (±95%CI) rates (black lines) for age classes 4 to 8+years. Open, gray andblack circles represent sample sizes of b20,
20–39 and N39, respectively. The gray line represents the modeled reproductive rate assuming that reproductive rates change in a density-dependent manner (Eq. (8)).
186 M.O. Hammill et al. / Biological Conservation 192 (2015) 181–191independentmodel using ﬁxed reproductive rates and reported catches
developed in the early 1980s (Roff and Bowen, 1983, 1986). Since then
it has undergone a series of revisions (e.g. Shelton et al., 1992, 1996), to
its current form which is a density-dependent three parameter model
that incorporates all known sources of human induced mortality (by-
catch, struck and lost), environmentally-mediated mortality due to
poor ice conditions, annual reproductive rates and estimated density
dependent survival of young of the year. Using this integrated approach,
the model ﬁts the observed changes in estimated pup production from
the different surveys very well and provides a framework to evaluate
the impacts of future catches and possible environmental changes
on the population.
We estimate that the population declined during the 1950s and 60s.
After reaching a minimum population of around 1.1 million animals in
1971, quotaswere established to limit harvesting and the population in-
creased under various levels of harvest. This increase continued during
the period of intensive harvesting from 1996 to 2006, with thepopulation reaching the highest abundance levels observed during the
study period, with a population of 7.8 (95% CI = 6.9 to 9.1) million in
2008, before falling slightly to 7.4 (95% CI = 6.0 to 9.1) million animals
in 2013. This increase is due primarily to a combination of a large initial
population in 1971 (admittedly small in the time series, but at 1.1 mil-
lion animals still quite abundant), a reduction in harvesting because of
the implementation of management actions (1971–1983, 1996–2014)
and declines in markets (1983–1996), relatively high productivity and
a series of reasonable ice years (see below) (Bajzak et al., 2011;
Johnston et al., 2005; Stenson and Hammill, 2014).
Information on reproductive rates is an important component in the
population model. There is a long time series of data available for this
population, collected under similar conditions over the last 60 years
(Sjare and Stenson, 2010; Stenson et al., 2014b). Previous analyses
have utilized a variety of methods to estimate annual pregnancy rates
from the available samples. Shelton et al. (1992) explored the use of
multi-linear regression, analysis of covariance, analysis of variance,
Fig. 3. Cumulative proportions of ice concentrations for ﬁrst-year (black bars), and new and young (gray bars) ice cover, the week of March 12, 1969 to 2013 for the east coast of Canada
(A). Ice anomalies of total (black bars) and ﬁrst-year ice (white bars) concentration off northeast Newfoundland (Front; B) and Gulf of St. Lawrence (C). See text for estimated survival of
YOY in years of ice related mortality due to poor ice conditions.
Data from Environment Canada, Canadian Ice Service (available: http://ice-glaces.ec.gc.ca, accessed January 2015)
187M.O. Hammill et al. / Biological Conservation 192 (2015) 181–191and auto-regressionmodels, and concluded that all methodswere inad-
equate to predict the unknown pregnancy rates. More recent efforts to
estimate pregnancy rates involved combining successive years in a
type of contingency table analysis (Warren et al., 1997). However, this
approach which ‘pooled’ years over an extended time period, masked
important inter-annual ﬂuctuations that can occur in reproductive
rates. The non-parametric smoother used in this study has provided
some compromise keeping the variability inherent in the data, while
using neighboring data points to weight values based on sample size
and to interpolate for years where data are absent.
Overall, there has been a general decline in reproductive rates as the
population has increased, as would be expected with a density-
dependent response. We used a standard theta-logistic relationship(θ= 2.4) to examine the density-dependent response in reproductive
rates, with an estimated, but ﬁxed K, which provides a reasonable ﬁt
to the data prior to 1972, and since 1996, but over-estimates the expect-
ed reproductive rates during the intervening period (Fig. 2). Adjusting
theta (not shown) results in reasonable ﬁts to the data within a range
of θ = 2.2 to 2.6. Theta values below this, lead to increasing under-
estimates of reproductive rates early and late in the time series, while
values above that range are unable to capture the strong decline in re-
productive rates observed since themid-1990s. In addition to the gener-
al decline, related to the density-dependent effects of an increasing
population, there has been an increase in inter-annual variability in re-
productive rates, declining to as low as 0.4 in 2004, increasing to just
over 0.7 in 2007 and 2008, then declining again to 0.2 in 2011, likely
Fig. 4. Independent estimates of pup production (±95% CI) from studies completed be-
tween 1952 and 2012 (diamonds, ♦) and estimated changes in pup production (±95%
CI) from the base population model (solid and dashed lines, respectively).
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188 M.O. Hammill et al. / Biological Conservation 192 (2015) 181–191in response to variability in food or some other resource. Stenson et al.,
2014b found that changes in fecundity are related to prey availability
and ice conditions in late January. Seals may be responding to years
when ice does not appear to be forming normally for pupping, or
more likely, ice conditions are acting as a proxy for other ecosystem
conditions, such as food resources that in turn affect female productivi-
ty. Pelagic species, particularly capelin, are important prey for harp
seals, and capelin in the Northwest Atlantic is a critical species acting
as a link between zooplankton and large vertebrates (Lawson and
Stenson, 1997; Stenson, 2012). Buren et al. (2014) concluded that cap-
elin biomass on the Newfoundland-Labrador Shelf was inﬂuenced by
changes in sea ice through a match/mismatch mechanism between
the timing of the onset of the spring bloom, triggered by the retreat of
sea ice, and the abundance of emergent Calanus ﬁnmarchicus (capelin's
main prey) from diapause. If poor ice results in early breakup, then the
spring bloom occurs too early for C. ﬁnmarchicus to beneﬁt, and the sub-
sequent decline in C. ﬁnmarchicus, biomass has a negative cascading ef-
fect on capelin biomass (Buren et al., 2014).
The starting population size, K andM1+ are estimated by the model
as part of the ﬁtting process. The model is ﬁtted to data extending back
to the early 1950s to allow the effects of the initial population vector to
work their way through the population. One of the strengths of an age
structured model with age-speciﬁc reproductive rates is that it is able
to capture the lagged impacts of large harvests of YOY, which comprise
over 90% of the harvest, changes in age of sexualmortality, highMice and
the 4–7 year delay until the harvested cohorts reach maturity and are
recruited into the adult population. A single year of high harvests or
high Mice has little impact on the population since their impacts are
mortgaged over an extended number of age classes that slowly decrease
in size, but several consecutive years can have a signiﬁcant impact as
they are recruited to the breeding population (Hammill and Stenson,
2009).Fig. 5. Estimated population size of Northwest Atlantic harp seals (1952–2013) from the
base run of the model (mean ± 95% CI) taking into account all sources of mortality. Ta
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Table 3
Parameter estimateswhen themodel is ﬁtted to the pup production and reproductive rate data under different scenarios taking into account struck and loss (S&L), incidental catches, Sice,
the size and structure of the initial age vector, only including surveys after 1977, and the impact of changing the relationship between YOY (M0)and adult (M1+) mortality. Data are pre-
sented asmeanwith SE in brackets, the lower and upper 95% conﬁdence limits andmedian. The 95% CI is determined from the 0.025 and 0.975 quantiles from 10,000 runs. Pup production
and total population size estimates at key periods in the trajectory of this population are shown in Table 2.
Alpha M K (million)
Mean 95% CI Median Mean 95% CI Median Mean 95% CI Median
Base 0.189 (0.011) 0.179–0.200 0.190 0.025 (0.007) 0.015–0.039 0.025 10.8 (0.6) 9.7–11.8 10.8
Fit to post 1977 surveys use 1952–2013 rpd & catch data 0.189 (0.006) 0.181–0.199 0.189 0.025 (0.005) 0.015–0.037 0.024 10.8 (0.5) 9.7–11.7 10.8
No S&L 0.159 (0.005) 0.152–0.165 0.159 0.042 (0.007) 0.030–0.057 0.041 10.9 (0.5) 9.9–11.9 10.9
No S&L, incidental catch, Mice 0.166 (0.004) 0.160–0.173 0.166 0.049 (0.008) 0.035–0.065 0.048 11.1 (0.5) 10.0–12.1 11.1
50% reduction Start pop'n vector 0.378 (0.025) 0.358–0.399 0.380 0.025 (0.009) 0.015–0.038 0.024 10.8 (0.6) 9.7–11.8 10.8
Age structure of start pop vector altered 0.330 (0.016) 0.312–0.348 0.330 0.025 (0.008) 0.015–0.038 0.025 10.8 (0.6) 9.7–11.8 10.8
Gamma set to 1 0.190 (0.010) 0.180–0.200 0.191 0.029 (0.009) 0.017–0.044 0.028 10.9 (0.6) 9.8–11.9 10.9
Gamma set to 5 0.189 (0.010) 0.179–0.199 0.189 0.022 (0.005) 0.014–0.033 0.022 10.7 (0.5) 9.6–11.6 10.7
189M.O. Hammill et al. / Biological Conservation 192 (2015) 181–191In our model, we assign known sources of mortality to individual
causes (reported harvest, incidental catch, struck and loss, ice related
mortality; e.g. Stenson, 2014). The remaining, natural mortality
(M1+), is estimated by the model. While an estimate of overall mortal-
ity may be sufﬁcient to explain the general trend of a population, small
changes in M1+ rates can have important impacts on the dynamics of a
population. For example among southern elephant seals (Mirounga
leonina) the difference in adult female survival between an expanding
colony and two declining colonies was only 3% (Condit et al., 2014).
For declining populations, being able to understand the sources of envi-
ronmental and anthropomorphic mortality are necessary for develop-
ing effective conservation efforts. Moreover, the different sources of
mortality may impact age classes differently (e.g. ice mortality on
YOY) and therefore applying them separately may capture the popula-
tion dynamics better. Based on mark-resighting studies, adult survival
rates have been estimated to be 0.95 ± 0.03, for Weddell seals
(Leptonychotes weddellii) (Rotella et al., 2012), 0.89 to 0.97 for gray
seals (Halichoerus grypus) (Schwarz and Stobo, 2000; Smout et al.,
2011) and 0.92 to 0.95 for male and female harbor seals (Phoca vitulina)
respectively (Cordes and Thompson, 2014). These are generally lower
than model estimates of 0.975 ± 0.01 for harp seals, but the mark-
resight estimates do not explicitly factor in anthropomorphic losses
(e.g. harvests, bycatch, struck and loss). Except for Weddell seals,
some harvesting does occur of gray and harbor seals and all three spe-
cies will be subject to incidental catches in commercial ﬁsheries,
which will have some impact on estimates of survival. In harp seals,
not identifying struck and loss separately leads to a 68% increase in
the estimate of ‘natural’ (i.e. unreported) mortality (Table 2), while
not taking into account Mice, leads to a 20% increase in M1+. Overall, if
struck and loss, incidental catches and ice-related mortality are not
accounted for explicitly, then survival estimates decline to approxi-
mately 0.95 ± 0.01, which is similar to survival rates observed among
pinnipeds mentioned above, and within the range of values reported
in earlier work on this species (Roff and Bowen, 1983).
The NWAharp seal population started to increase in the early 1970s,
coinciding with the implementation of catch limits. It increased rapidly
from the early 1980s until themid-1990s, a periodwhenharvestingwas
limited and reproductive rates declined due to density dependent re-
sponses (Stenson et al., 2014b). Based on remotely-sensed data, the
mid-1980s until the late 1990swere also characterized by ice conditions
that were heavier than in the 1970s, and it has been suggested that this
may have resulted in lower ice related mortality (Johnston et al., 2005;
Friedlaender et al., 2010; Soulen et al., 2013). While these years of
‘heavier’ ice may have reduced the likelihood of ice related mortality
during this period, within the historical context, the ice extent in
the Gulf of St. Lawrence and off the east coast of Newfoundland has
been declining since the late 1800s. Ice extent between 1930 and
1996 was about 30% less than ice extent 1850–1900 and 1910–1930
(Hill et al., 2002). In the Gulf, changes have been more dramatic withice extent declining by 50% between 1960 and 1996, compared to the
period 1850–1900, and 1920–1930 (Hill et al., 2002). This is also a
period during which pregnancy rates declined (Stenson et al.,
2014b). From this, it would appear that the apparently heavy ice
seen in the 1980s and 1990s was not a major factor in the recovery
of the population per se.
Harp seals use only a fraction of the available seasonal ice cover (e.g.
Stenson et al., 1993, 2003) and so it would be expected that overall ice-
cover would not have a major impact on harp seals, until total cover fell
below some critical threshold (Stenson and Hammill, 2014). In recent
years, ice conditions (extent and thickness) have varied considerably.
This variability has provided insight into the response of the NWA
harp seal population in the face of predicted declines in ice due to cli-
mate change. Poor ice conditions in 1981 (Fig. 3), combined with a
very large hunt resulted in the 1981 cohort disappearing from the pop-
ulation (Sergeant, 1991). The winters of 2010 and 2011 were also ex-
tremely poor ice years, although the response of harp seals to these
poor conditions differed (Stenson and Hammill, 2014). In 2010, there
was very little ice-formation in the Gulf and few animals gave birth
there. At the Front, there was a signiﬁcant shift northwards in the loca-
tion of the herd tomore suitable ice. In contrast, thin ice formed prior to
pupping in 2011. Females pupped on the ice which subsequently broke
up, resulting in high YOY mortality. Reproductive rates were low in
2010 and particularly low 2011 and it is expected that few animals sur-
viveddue to a combination of lower pup production, high YOYmortality
and harvesting in that year.
While, we do not have any directmeasure ofmortality for harp seals,
a factor for ice-related mortality among the YOY has been incorporated
into the model since 2003. Initially it was a qualitative estimate based
upon changes in ice conditions in the whelping areas and/or observa-
tions of the dead YOY either in the water or on the beaches (e.g.
Stenson and Hammill, 2014). We have further reﬁned these estimates
to link ice-related mortality to ice anomalies by comparing the pattern
of anomalies to the previously derived qualitative measures based on
expert opinion, (Hammill and Stenson, 2014a). While a direct measure
ofMice remains elusive, it is evident that ice-related mortality can com-
prise an important component of overall naturalmortality. However, its
primary importance is in being able to identify and track years with
potentially high YOYmortality, which when combined with the annual
reproductive rate and harvest data provide insights into cohort survival.
Harp seals are long lived, so the loss of oneor two cohortswill not have a
major impact on the population, but if severe negative ice conditions in-
crease in frequency, then the impact on future population trends may
become signiﬁcant. Being able to follow such changes are also impor-
tant, within a management context because changes in pup production
using aerial surveys (the primary monitoring tool) may not be detected
for several years owing to the lagged effect between birth and recruit-
ment identiﬁed above and because surveys are only ﬂown every 4–
5 years (Hammill and Stenson, 2009).
190 M.O. Hammill et al. / Biological Conservation 192 (2015) 181–1914.2. Retrospective view of harp seal management
Johnston et al. (2000) concluded that Northwest Atlantic harp seal
population was declining in the late 1990s due to overharvesting and
that failure to adopt the Potential Biological Removal (PBR) approach
as used in the United States, would lead to Canada not respecting its
management objectives to maintain a stable population and could
lead to dire consequences for the population. Strengths andweaknesses
of PBR, have been discussed previously, particularly when applied to
NWA harp seals and other exploited, populations (e.g. Cooke et al.,
2012; Lonergan, 2011, 2012). Perhaps its greatest strengths are its rela-
tive simplicity and generally very conservative properties, which allow
it to perform very well when there is considerable uncertainty associat-
ed with our understanding of the resource (Milner-Gulland et al., 2001;
Wade, 1998). In cases of increased uncertainty, or concern over the sta-
tus of a population, the recovery factor can be adjusted to generate even
lower, more conservative PBR estimates, although perhaps additional
guidance in how the recovery factors are to be set is needed. For this rea-
son,we support the use of PBR to determine allowable harvest levels for
‘Data Poor’ species (Hammill and Stenson, 2007), and it has been ap-
plied in these situations in Canada (e.g. hooded seals, Cystophora
cristata; walrus, Odobenus rosmarus; narwhals, Monodon monoceros).
However, PBR was designed to provide an estimate of the maximum
level of removals that could be allowed to ensure a population reached
the ‘Optimum Population Level’ under the US Marine Protection Act. It
was primarily intended to be compared to levels of incidental catches,
often of poorly understood species, rather than directed harvest.
Where appropriate data are available, PBR does not utilize the strengths
of combiningdemographic and assessment parameters into an integrat-
ed modeling framework to understand the dynamics of the population
(Schaub and Abadi, 2011), nor does it, on its own, encourage research
to improve our understanding of the dynamics of a population nor
allow for understanding future impacts of environmental conditions
on these dynamics. PBR is considered to be a conservative approach
that can account for a reasonable range of biases. However, in some
cases, it may not be as conservative as assumed. For example, models
of theWhite Sea/Barents Sea harp seal population suggest that applying
a removal at the PBR level would result in a decline in the population,
presumably due to the low reproductive potential of this population.
A more integrated modeling framework using all of the available data
can account for unusual circumstances and provides more conservative
estimates of allowable harvests (ICES, 2013).
The debate over the status of NWAharp seals and theirmanagement
has contributed many positive changes that have improved our under-
standing of the dynamics of the population. Several of the issues raised
by Johnston et al. (2000) and others (e.g. McLaren et al., 2001) have
been incorporated to improve the harp seal assessment; including the
need to more fully account for human-induced mortality (struck and
loss, incidental catches; Sjare and Stenson, 2002), unusual mortality re-
lated to poor ice conditions and a management framework that evalu-
ates the status of a population relevant to precautionary and limit
reference levels rather than on testing for signiﬁcant change in popula-
tion trend (Hammill and Stenson, 2007; McLaren et al., 2001; Taylor
et al., 2007; Wade, 1998). The ongoing discussion over management
practices for all exploited species can only improve our ability to ensure
the conservation of these species under periods of change.
The NWA harp seal population represents a conservation success
story, increasing from as low as 1.1 million animals in the early 1970s
to over 7 million animals in the current decade. This increase which oc-
curred during a period of declining pregnancy rates, appears to be pri-
marily due to reduced catches, limits on harvesting, low frequency of
poor ice years and an adaptive assessment approach that accounted
for these changes. Climate change is expected to result in a decline in
the amount of seasonal pack ice in Atlantic Canada, which once it falls
below a certain threshold is likely to have a major impact on the future
of this population, particularly at the southern limits of its range. Totalice extent in Atlantic Canada has declined over the last two hundred
years (Hill et al., 2002) and observations during winters of signiﬁcant
absence of ice indicate that harp seals respond by moving north to
seek out more suitable ice (Stenson and Hammill, 2014). Such north-
ward shifts in distribution can be expected under a regime of warming
climate (Walther et al., 2002; Parmesan, 2006). However, such a shift
may imply other cascading effects such as increased predationmortality
from polar bears (Ursus maritimus) (see Peacock et al., 2013). Thus fu-
ture limits to harp seal distribution in the NWAmay be deﬁned by a re-
duction in the ice environment in the south, and predation threats in the
north (Hammill and Stenson, 2014b). The combination of variability in
reproduction, ice-related mortality, and human induced removals
from commercial and subsistence harvesting and by-catch can have an
important impact on the dynamics of this population, but the 4–7 year
delay until animals are fully recruited and begin reproducing them-
selves precludes detecting these changes using pup production surveys
alone. By integrating demographic information on annual changes in re-
productive rates, ice-related mortality and harvests with the aerial pup
estimate surveys ourmodel has been able to account for changes in harp
seal abundance, particularly changes in pup production. Further im-
provements are still possible andwhile much attention has been direct-
ed towards ice-related mortality of YOY animals, deteriorating ice may
also affect the availability of food resources (Buren et al., 2014). Al-
though the results presented in this paper focused on how the status
of this population has evolved over the last 60 years, our integrated ap-
proach can also be used to examine scenarios that project into the fu-
ture, to test the impacts of various management decisions in a
changing environment.
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